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A B S T R A C T
The aim of this study was to investigate a recessive genetic component in susceptibili-
ty to osteoporosis (OP) by comparing its prevalence in isolated villages of three Croatian
islands: Bra~, Hvar and Kor~ula with different levels of inbreeding. A random sample
of 20–30% adults from 14 villages was obtained, including a total of 1,389 examinees.
The average inbreeding coefficient (F) of examinees from each village population was es-
timated using Wright's path method (based on genealogical information). The morpho-
metry of the metacarpal bones was performed on hand-wrist radiographs of both hands
in all examinees. OPwas defined as values of cortical index smaller than 2 standard de-
viations based on distribution of values in examinees of the same sex under 45 years of
age. Mean values of cortical index (CI) and prevalence of OP (both standardized by age
and weighted for the sample size) in each village were correlated to the mean inbreeding
coefficient (F). The coefficient of correlation (r) between F values and CI was –0.28 in
males (p=0.08) and –0.42 in females (p=0.005), and between F and OP prevalence 0.32
in males (p<0.001) and 0.43 in females (p<0.001). These results indicate a trend of in-
creased susceptibility to osteoporosis with increasing level of inbreeding in isolated com-
munities of Croatian islands.
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Introduction
Osteoporosis is a common public health
problem of post-reproductive age, charac-
terized by reduced bone mass, changes in
micro-architecture of the bone tissue and
increased risk of fractures subsequent to
those changes1,2. Similarly to many other
common complex diseases of late onset,
most cases in population probably result
from the action of many different genes
and their interaction with the environ-
ment2,3. However, osteoporosis seems to
have much stronger genetic basis than
most of the other late-onset diseases4–7.
Twin and family studies indicate that a
large majority of variance in quantitative
traits such as bone mineral density can
be explained by hereditary factors, and
there is also a high correlation between
siblings in skeletal geometry and bone
turnover1,4. Some cases in population
arise as a consequence of single-gene disor-
ders, e.g. »osteoporosis-pseudoglioma syn-
drome«. Genome-wide linkage studies
identified multiple candidate loci on chro-
mosomes 1, 2, 5 and 11, but those associa-
tions seem to be modified by dietary cal-
cium and vitamin D intake, which makes
them difficult to repeat4. Significant non-
hereditary risk factors include low cal-
cium intake, vitamin D deficiency, physi-
cal inactivity, cigarette smoking, excessi-
ve consumption of protein, caffeine and
alcohol, low body mass index and use of
bone-resorbing medications8–13.
There is great current interest in un-
derstanding genetic architecture of com-
mon complex diseases such as osteoporo-
sis, as this is expected to lead to the
development of genetic markers of in-
creased disease risk and new therapeuti-
cal targets3. In this paper, we present an
approach to study of osteoporosis that
could provide a support for its predomi-
nantly genetic determination, with sus-
ceptibility mediated through a number of
recessive genetic variants, most of them
having a small individual effect on disea-
se risk. The reasoning is simple: if a mo-
dest increase in number of genes identi-
cal by descent (e.g. an increase of inbreed-
ing coefficient from 0% to 3%, predicted to
affect about 800 genes) leads to significant
changes in prevalence of osteoporosis,
this is only consistent with large number
of genomic loci influencing the disease.
This conclusion is more valid if the study
is conducted in an isolate population, in
which the variation in environmental
pressures is minimal and consanguinity
is prevalent. Therefore, the studied popu-
lation included 14 isolate villages from
the eastern Adriatic islands of Hvar, Bra~
and Kor~ula, Croatia, an isolate resource
well characterized through long-term mul-
tidisciplinary researches14–17.
In this unique metapopulation of dis-
tinct human isolates, there is a long his-
tory of anthropological research into the
determinants of skeleton-related biologi-
cal traits. Initially, comparisons of within-
population and between-population vari-
ation in traits such as metacarpal bone
dimensions were used along with a larger
number of other traits to assess popula-
tion structure. The studies performed by
the staff of the Institute for Anthropologi-
cal Research in Zagreb, Croatia, consis-
tently showed excellent compliance with
models of population structure such as »i-
solation by distance« in several island po-
pulations, i.e. better »fit« to the model
than observed for most of the other stud-
ied biological, bio-cultural and socio-cul-
tural traits18–27. This group also characte-
rized in detail the effects of gender and
aging on bone loss24–30 and reported on
specific populations in which the expec-
ted effects of age and gender could not be
shown31. The effects of occupation on bo-
ne loss and osteoarthritis were investiga-
ted32,33. An attempt to analyse genetic ba-
sis of the metacarpal bone dimensions
was initially made through the analyses
of their latent structure34. Recently, this
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group has also made progress in studying
genetic determinants of bone-related me-
asurements using pedigree data analy-
ses5,35.
Materials and Methods
A. Population choice
Croatia has 15 Adriatic Sea islands
with population greater than 1,000. The
villages on the islands have unique popu-
lation histories and relative isolation from
their neighboring villages and from the
mainland through centuries. The 14 vil-
lage populations of the three neighboring
islands of the eastern Adriatic, Middle
Dalmatia, Croatia (Bra~, Hvar and Kor-
~ula, Figure 1) have been investigated by
the Institute for Anthropological Rese-
arch in Zagreb since early 1970's. More
than 200 studies on these populations ha-
ve been published to date in collaboration
with many international scientists. The
long-term researches included character-
ization of ethnohistory, migration patterns,
genealogical reconstruction, analyses of
many quantitative and qualitative biolo-
gical traits, records of medical problems
and study of environmental, socio-cultu-
ral and genetic characteristics. The most
informative overviews of the results can be
found in the papers of Rudan et al.14–16,27,
Bennett et al.17 and Waddle et al.36.
In Table 1, we list main sources that
provide detailed information on popula-
tion structure, inbreeding effects, mono-
genic (Mendelian) diseases and rare ge-
netic variants found in particular islands
and reported in the literature37–69.
The 14 villages chosen for this study
on the islands of Bra~, Hvar and Kor~ula
were founded during one of the three pe-
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Fig. 1. Map of Dalmatian island genetic isolates showing study islands and villages (1–14).
riods: BC era (by admixture of Illyrians,
Greeks and succeeding Romans), 7th cen-
tury AD (by Croats who immigrated from
Asia) and 16–18th century AD (by Croats
who fled from Balkans peninsula fearing
Ottoman expansion). The subsequent ten-
dency towards inbreeding in each village
was influenced by a combination of geog-
raphic reasons (isolation), political reasons
(»The Pa{trovi} Privileges«) and socio-cul-
tural reasons which were all extensively
discussed elsewhere14–17,27,70–72.
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TABLE 1
BRIEF REVIEW OF POPULATION GENETIC RESEARCH UNDERTAKEN IN CROATIAN
ISLAND ISOLATES IN THE PAST 33 YEARS
Type of research Island Ref.
A. Studies of population genetic variation
STR polymorphisms Krk, Bra~, Hvar, Kor~ula 37–40
VNTR polymorphisms Hvar 41
Y-chromosome haplogroups Krk, Bra~, Hvar, Kor~ula 42
mtDNA haplogroups Krk, Bra~, Hvar, Kor~ula 43,44
HLA markers or immunoglobulin allotypes Krk, Hvar, Silba, Olib, Pag 45–48
Serogenetic polymorphisms Bra~, Hvar, Kor~ula, Silba, Olib, 49–52
B. Reports on autochthonous Mendelian diseases
Dwarfism Krk 53–55
Albinism Krk 55
Progressive spastic quadriplegia Krk 55
Familial cognitive dysfunction Susak 56
Familial congenital hip dislocation Lastovo 57
Familial ovarian cancer Lastovo 58,59
Keratoderma palmoplantaris transgrediens Mljet 60
C. Reports of high population frequencies of extremely rare genetic variants
Deleted/triplicated alpha-globin gene Silba 61
PGM1*W3 phosphoglucomutase-1 variant Olib 62
mtDNA haplogroup F Hvar 63
Y-chromosome haplogroup P* Hvar 42
D. Studies of inbreeding effects
Incidence of cancer Bra~, Hvar, Kor~ula, Vis, Lastovo 59
Prevalence of hypertension Bra~, Hvar, Kor~ula 64,65
Prevalence of 10 complex chronic diseases Bra~, Hvar, Kor~ula 66
Prevalence of learning disability Bra~, Hvar, Kor~ula, Susak 67
Prevalence of nephrolithiasis Bra~, Hvar, Kor~ula 68
Prevalence of malocclusion Hvar 69
B. Field work and sample collection
During the field research between 1978
and 1987 undertaken by the Institute for
Anthropological Research in Zagreb, the
information was collected and various
measurements performed on 1,389 adult
individuals (682 males and 707 females)
selected randomly from voting lists to form
approximately 20–30% of the total popu-
lation of these 14 villages. The collected
data characterizing environmental varia-
tion included proportion of inhabitants
with some college education (EDU), occu-
pation in agriculture and fishery (OCC),
regular consumption of traditional Medi-
terranean diet (NUT), smoking habits
(SMO) and measurement of body mass
index (BMI) (Table 2). The details on nut-
ritional status assessment based on BMI
are reported by Smolej Naran~i}73. Table
2 supports the hypothesis of decreased
variation in most of the studied characte-
ristics related to environment. This is
important, as socio-economic status, oc-
cupation, diet, obesity and climate are
usually highlighted as potential environ-
mental risk factors for many common late
onset diseases.
C. Estimation of mean inbreeding
coefficients in each village
Genetic characterization of the 14 vil-
lages (Figure 1) included the computation
of average inbreeding coefficient of each
village based on three different methods:
(i) reconstruction of genealogies for each
examinee, (ii) analysis of parental iso-
nymy from surname distribution and (iii)
analysis of genotype distributions of MN,
Ss and Kk serogenetic polymorphisms
from blood samples obtained from all the
examinees. Individual inbreeding coeffi-
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TABLE 2
PREVALENCE OF FACTORS RELATED TO SOCIO-ECONOMIC STATUS, LIFESTYLE AND
ENVIRONMENT IN 14 VILLAGES UNDER STUDY
Village1 EDU (%) OCC (%) NUT (%) SMO (%) BMI (x)
Gdinj (H) 2.3 80.8 93.8 4.6 25.1
Pupnat (K) 2.1 89.7 91.8 9.3 26.7
^ara (K) 1.5 89.0 94.9 22.6 26.4
Dra~evica (B) 2.4 85.7 90.5 23.8 28.6
Ra~i{}e (K) 1.9 87.5 83.6 23.1 27.3
Bogomolje (H) 2.5 84.0 93.8 4.9 23.0
Vrisnik (H) 2.1 82.3 91.6 13.5 25.5
G. Humac (B) 2.5 81.3 87.5 38.8 27.3
Zastra`i{}e (H) 4.0 86.3 93.6 5.9 25.1
Lumbarda (K) 4.7 85.2 89.8 21.3 26.2
Smokvica (K) 3.1 81.4 81.4 27.8 26.0
Svir~e (H) 2.0 80.1 83.2 12.8 25.7
Dol (H) 4.2 75.8 86.3 8.4 26.1
Nere`i{}a (B) 1.8 60.7 79.5 34.8 28.0
EDU = percentage of the population with higher education degree; OCC = percentage of the popu-
lation working in agriculture/fishery; NUT = percentage of the population consuming »Mediterra-
nean diet«; SMO = percentage of the population smoking; BMI = mean value of body mass index.
The capital letters next to village names represent the islands (B=Bra~, H=Hvar, K=Kor~ula).
cients were computed independently for
each of 1,389 individuals. The pedigree
information on 2–3 ancestral generations
that was recorded for each examinee dur-
ing the initial field work (1978–1987) was
expanded during 1997–2000 through in-
sight into the parish registries stored in
local churches to allow the completion of
the information on 4 ancestral genera-
tions in each examinee. The individual
inbreeding coefficients (F) were then com-
puted according to Wright's path met-
hod74:
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where pk is the frequency of the surname
k in males, qk in females, P is the proporti-
on of marriages between spouses carrying
the same surname among all marriages,
and the summation is over all surnames.
Apparently, in this approach the units of
investigation are marital pairs of exami-
nees' parents and not the examinees them-
selves. Finally, the inbreeding in each vil-
lage was also assessed from the departure
in the frequency of heterozygotes from the
expectations based on Hardy-Weinberg eq-
uilibrium77, where F is calculated as:
F = 1 – (observed proportion of
heterozygotes / expected proportion
of heterozygotes)
and where the expected proportion of het-
erozygotes calculated from allelic frequen-
cies p and q of 2 alleles present in the pop-
ulation (MN, Ss and Kk) equals 2pq. F
values calculated from each of the 3 po-
lymorphisms were added and divided by
3 to obtain the average F value for each
village. The process of blood sample col-
lection, storage, transport and analysis at
the University of Newcastle upon Tyne
was described in detail by Roberts et al.49.
Table 3 reviews the average coefficients of
inbreeding obtained by the applied three
methods. Tables 2 and 3 indicate that the
selected village populations represent an
excellent model for studying effects of in-
breeding, as a wide range of inbreeding
coefficients is present while the concern
over considerable confoundings related to
environmental variance is reduced.
D. Cortical index and osteoporosis
prevalence estimation
The osteometric dimensions of meta-
carpal bones are an efficient and practical
method for investigation and monitoring
bone mass. At the time when data used in
the present analysis have been gathered,
the radiogrammetry of the metacarpal
bones has been widely used as the best
available screening method of bone sta-
tus in population studies. Procedure of
metacarpal bones osteometry, as thoroug-
hly described by Barnett and Nordin78,
was followed in field studies performed
on all three investigated islands. Hand-
wrist radiographs were taken using a sin-
gle portable X-ray. Total diaphysis width
(D) and medullary canal width (d) of the
second left metacarpal bone was determi-
ned by a single, experienced observer78.
Measurements were performed by one in-
vestigator using a millimeter ruler and a
magnifying glass (10) with a scale per-
mitting 0.05-mm accuracy. Measurements
were rounded to 0.1 mm. For each indivi-
dual and for each bone, the cortical index
(CI) was computed as:
CI = (D – d)  100 / D.
Tables 4 and 5 show the sample sizes
and descriptive statistics of age and corti-
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cal index by village in male and female
examinees. As expected, the larger effect
of age on cortical index and on osteoporo-
sis prevalence was observed in females
than in males (Figures 2 and 3). It is ap-
parent that the effects of age are minimal
in younger subjects (plateau) and around
menopausal ages a decline in cortical in-
dex could be observed. This trend is more
pronounced in females, which is in accor-
dance with the findings in other popula-
tions. Complex segregation analysis of
cortical index of the metacarpal bones
has been performed by Ginsburg et al.35
using pedigree data from the same popu-
lations. CSA model implemented inclu-
ded sex-specific parameterizations of in-
flection points of cortical index data and
results – being 45 years for males and fe-
males in two most parsimonious models –
which allows us to use 45 years as the re-
liable referent point for current analysis.
Prevalence of osteoporosis was estab-
lished according to the statistical criteria.
It was based on the distribution of corti-
cal index values in people under the age
of 45 in each gender separately. A »cut-
off« value of cortical index was defined as
the mean minus two standard deviations
of the distribution in each sex. As this cri-
terion has been widely used, and the me-
asurements were performed by a single
device and technician and analyzed by a
single experienced assessor, we believe
that the likelihood of substantial proce-
dural errors is minimal.
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TABLE 3
GENETIC STRUCTURE OF 14 VILLAGES UNDER STUDY. THE VILLAGES ARE RANKED
ACCORDING TO THE ESTIMATED AVERAGE INBREEDING COEFFICIENT CALCULATED FROM
THE GENEALOGICAL DATA (Fgen)
Village F(gen) F(iso) F(sgp)
Gdinj (H) 0.049 0.107 0.041
Pupnat (K) 0.044 0.034 0.108
^ara (K) 0.032 0.040 0.016
Dra~evica (B) 0.031 0.031 0.049
Ra~i{}e (K) 0.027 0.034 0.004
Bogomolje (H) 0.025 0.030 0.018
Vrisnik (H) 0.015 0.023 0.013
G. Humac (B) 0.013 0.016 –0.016
Zastra`i{}e (H) 0.013 0.013 –0.021
Lumbarda (K) 0.012 0.025 –0.010
Smokvica (K) 0.008 0.019 –0.107
Svir~e (H) 0.008 0.008 –0.018
Dol (H) 0.005 0.004 –0.041
Nere`i{}a (B) 0.002 0.004 –0.076
The corresponding estimated based on isonymy (Fiso) and codominant serogenetic polymorphisms
MN, Ss and Kk (Fsgp) are presented to support the results obtained through Wright’s »path«-met-
hod (Fgen). The capital letters next to village names represent the islands (B=Bra~, H=Hvar,
K=Kor~ula).
592
I. Rudan et al.: Inbreeding and Osteoporosis in Isolates, Coll. Antropol. 28 (2004) 2: 585–601
TABLE 4
DESCRIPTIVE STATISTICS OF AGE AND CORTICAL INDEX BY VILLAGE IN MALE EXAMINEES.
Age (yrs.) Cortical index (%)
Village N x SD Min. Max. x SD Min. Max.
Gdinj (H) 51 54.53 11.72 24 81 55.97 7.89 37.78 72.22
Pupnat (K) 46 42.76 12.91 23 71 55.17 6.84 44.85 68.35
^ara (K) 63 42.59 11.87 20 71 53.11 8.42 32.37 72.07
Dra~evica (B) 20 46.80 16.37 23 74 66.28 7.15 47.62 80.00
Ra~i{}e (K) 40 43.30 11.22 20 62 55.14 7.30 36.23 73.11
Bogomolje (H) 46 57.85 15.65 24 81 48.90 6.17 32.14 64.44
Vrisnik (H) 44 37.68 10.52 23 54 57.22 6.77 42.11 69.89
G. Humac (B) 27 51.04 16.81 22 85 62.87 6.92 49.49 76.14
Zastra`i{}e (H) 69 50.09 14.78 20 77 53.41 7.45 32.43 76.09
Lumbarda (K) 53 43.21 11.36 22 77 59.70 7.60 41.09 77.83
Smokvica (K) 52 40.87 10.53 24 59 53.46 7.36 37.75 69.41
Svir~e (H) 70 39.94 11.10 21 55 59.36 9.78 39.81 82.76
Dol (H) 50 41.44 10.37 20 56 56.73 6.15 40.00 70.51
Nere`i{}a (B) 51 45.59 13.86 22 81 62.31 9.07 44.12 82.02
Total 682 45.25 13.73 20 85 56.50 8.59 32.14 82.76
TABLE 5
DESCRIPTIVE STATISTICS OF AGE AND CORTICAL INDEX BY VILLAGE IN FEMALE EXAMINEES.
Age (yrs.) Cortical index (%)
Village N x SD Min. Max. x SD Min. Max.
Gdinj (H) 71 53.48 12.28 27 82 55.64 9.99 37.21 84.15
Pupnat (K) 50 44.76 11.74 21 61 56.84 8.67 34.53 75.00
^ara (K) 75 43.63 12.38 20 63 56.29 8.74 37.63 83.09
Dra~evica (B) 23 52.48 15.82 21 87 65.11 12.46 42.22 92.41
Ra~i{}e (K) 63 43.29 11.83 21 71 58.22 8.58 40.18 77.14
Bogomolje (H) 32 58.50 15.62 19 78 50.44 9.89 29.35 75.00
Vrisnik (H) 28 41.43 8.69 23 54 61.20 9.28 43.37 76.40
G. Humac (B) 44 49.09 13.81 25 82 64.93 11.24 39.76 91.21
Zastra`i{}e (H) 54 52.37 12.93 24 83 54.46 9.41 37.76 83.33
Lumbarda (K) 55 43.09 12.27 22 74 59.58 9.94 37.70 80.00
Smokvica (K) 42 44.48 12.41 23 61 58.28 11.17 32.08 82.45
Svir~e (H) 65 39.25 10.88 20 55 63.90 9.81 40.26 87.18
Dol (H) 43 41.86 10.08 22 56 63.30 9.29 46.07 84.00
Nere`i{}a (B) 62 44.76 12.15 19 77 65.02 10.82 37.21 91.55
Total 707 46.15 13.21 19 87 59.31 10.60 29.35 92.41
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Fig. 2. Effect of age on cortical index in males (r = –0.19, p<0.001, y = 61.932 – 0.120*x).
Fig. 3. Effect of age on cortical index in females (r = –0.43, p<0.001, y = 72.251 – 0.345*x).
E. Statistical analyses
To investigate the relationship betwe-
en inbreeding and the cortical index and
prevalence of osteoporosis, the ecologic epi-
demiological design was used79. The corti-
cal index values and the prevalence of os-
teoporosis were compared among 14
villages with various levels of mean in-
breeding. The cortical index values were
adjusted for age effects in each sex by
means of multiple regression (age, age2)
and mean values of standardized residu-
als were calculated for each village. As
the estimated OP prevalence could be
considerably influenced by variations in
sex and age distribution of the sample si-
zes of different village they were adjusted
according to the age and sex distribution
in total sample and the results of the
weighted data were presented separately
for each sex. All statistical analyses were
performed using »Statistica 6« software.
Results
In present study, the possible influen-
ce of inbreeding on bone mass was tested
using ecologic-epidemiological design. Cor-
tical index of metacarpal bones has been
used as an indicator of total bone mass
and good screening tool for susceptibility
for osteoporosis appropriate for the popu-
lation studies.
The coefficient of correlation (Figures
4 and 5) between F-values of each investi-
gated village and mean values of the stan-
dardized age-adjusted residuals of meta-
carpal cortical index was –0.28 in males
(p=0.08) and –0.42 in females (p=0.005).
Correlations between F-values and esti-
mated prevalence of osteoporosis weig-
hted for sample sizes (Figures 6 and 7)
were 0.32 in males (p<0.05) and 0.43 in
females (p<0.001). Although the correla-
tions in both traits were more significant
in females than in males, there is a gene-
ral concordance between values obtained
in both sexes from the same village, which
supports the hypothesis that the findings
are indeed due to village-specific effects.
Obtained results clearly show a ten-
dency of increased susceptibility to osteo-
porosis with increasing level of inbreeding
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Fig. 4. Effect of average inbreeding coefficient (F) on cortical index (standardized age-adjusted
residuals weighted according to sample size) in male examinees in 14 villages
(r = –0.28, p = 0.077, y = 0.168 – 8.823*x).
in isolated communities of three Croatian
islands. However, few villages are dis-
playing as outliers in this general trend:
Dra~evica (Bra~) with exceptionally high
cortical index values and ^ara (Hvar) with
exceptionally high prevalence of osteopo-
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Fig. 5. Effect of average inbreeding coefficient (F) on cortical index (standardized age-adjusted
residuals weighted according to sample size) in female examinees in 14 villages
(r = –0.42, p = 0.005, y = 0.255 – 11.057*x).
Fig. 6. Effect of average inbreeding coefficient (F) on prevalence of osteoporosis (standardized by
age, weighted according to sample size) in male examinees in 14 villages
(r = 0.32, p<0.001, y = 1.269 + 74.598*x).
rosis. We suspect that those villages are
the sites of some possibly very intriguing
genetic effects (drift) and therefore could
be the promising sites for incoming studies
of susceptibility/protection genes osteopo-
rosis.
Discussion
There are several possible reasons
why the effect of inbreeding on late-onset
complex chronic diseases has not been wi-
dely evaluated to date. Firstly, in coun-
tries where inbreeding is prevalent in the
population, life expectancy is generally
considerably shorter than in western com-
munities, and late-onset diseases do not
represent the main public health prob-
lem. Therefore, the effects of inbreeding
were mostly investigated in small isola-
ted communities (geographic, cultural,
linguistic, ethnic or religious isolates) in
developed countries, which could be more
easily reached. In most of the developed
countries, however, the isolated human
populations characterized by inbreeding
often do not have the same level of access
to health care as general (especially ur-
ban) population where the public health
sector is well developed and the majority
of epidemiological studies are being un-
dertaken. Therefore, the health status of
human isolates is not easily evaluated
from medical records or communicated
with their local physicians. In addition,
there are not many isolate popu- lations
world-wide with well-preserved parish
registries from which reliable estimates
of inbreeding coefficients can be determi-
ned based on the familial relationships
over at least several ancestral generations.
Furthermore, there are usually multiple
concerns over confounding factors, as it is
often quite difficult to find a non-inbred
control population which would match
the studied inbred isolate in environmen-
tal exposures and differ significantly only
in genetic structure. Contemporary isola-
tes usually share specific climate and en-
vironment, as well as a multitude of com-
mon socio-cultural factors such as diet,
lifestyle, religion practices and socio-eco-
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Fig. 7. Effect of average inbreeding coefficient (F) on prevalence of osteoporosis (standardized by
age, weighted according to sample size) in female examinees in 14 villages
(r=0.43, p<0.001, y = 2.136 + 81.568*x).
nomic status for which it is very difficult
to control. In small and isolated communi-
ties the phenomena such as founder effect,
genetic drift and inbreeding can signifi-
cantly affect allele and genotype frequen-
cies, which invalidates comparisons to
control populations where genotype fre-
quencies follow Hardy- Weinberg equilib-
rium68. Khoury concluded that, despite
rare attempts, there is still hardly any
study that would satisfactorily deal with
all the usual concerns including small
sample sizes, unreliable inbreeding esti-
mates, doubtful disease dia- gnoses and
inappropriate control populations80. We
recently attempted to conduct a number
of studies that would satisfactorily deal
with those issues64–69.
In this study, several precautions were
taken to control for potential confounding
effects. Primarily, a unique population
was chosen, well characterized genetical-
ly and epidemiologically through almost
3 decades of continuing research by both
local and international anthropologists.
The subdivision of the islanders of the
eastern Adriatic into small villages and a
diversity of their attitudes towards in-
breeding influenced by geographic isola-
tion, political privileges in the past, as
well as socio-cultural reasons resulted in
a range of inbreeding coefficients present
at both individual and population level.
At the same time, the environmental va-
riation within and between these popula-
tions is reduced (shared climate, religion,
lifestyle, nutrition, predominant occupa-
tion and the level of education), as shown
in Table 2. Therefore, we believe that these
populations represent exceptionally good
setting for undertaking the study of the
effects of the inbreeding on complex chro-
nic disease such as osteoporosis59,64–69.
Further advantage of Croatian island
isolates is that each of selected 14 villa-
ges in this study has its own church with
well preserved records of births, marria-
ges and deaths dating back to 1750,
which helped reconstruct the genealogies
and determine inbreeding coefficients. In
addition, each village also has its own
health clinic with the full-time local gene-
ral practitioner and a nurse. The bone
X-rays were performed in these clinics by
the same device and same assessor from
the Institute of Anthropological Research
in Zagreb, as a very objective measure-
ment of phenotype. As the results were
later analyzed by a single and experien-
ced observer, we believe that the like- li-
hood of substantial measurement errors
is minimal (both observer-related and vil-
lage-specific). An attempt was also made
to avoid significant confounding effects of
genetic drift and founder effect in specific
villages. This has been achieved by inclu-
ding several villages of similar inbreed-
ing levels from different islands into the
groups with »high«, »moderate« and »low«
inbreeding, as it is unlikely that the two
population genetic phenomena would af-
fect gene frequencies in the same direc-
tion in all villages68.
The results showed a significant dec-
reasing effect of inbreeding on cortical in-
dex (initially standardized by age) across
14 villages (Figures 4 and 5). Similarly,
the prevalence of osteoporosis found in
these villages appeared to increase from
about 1.3% in villages with low inbreed-
ing prevalence to nearly 4.0% in villages
with average inbreeding coefficient close
to F=0.05, i.e. a 3-fold increase. This resu-
lt reaffirms the conclusion of our recent
study where non-specific risk of inbreed-
ing has been reported for a number of
complex chronic diseases66. Analysis by
village (Figures 6 and 7) shows that the
standardized prevalence of osteoporosis
follows the increase in average inbreed-
ing coefficients, although this correlation
is not really linear as there are villages
with extremely increased prevalence in
both sexes (e.g. ^ara, with OP prevalence
of about 10%). In addition, not all villages
with higher rates of inbreeding reveal
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high prevalence of osteoporosis (e.g. Pup-
nat in males). Those observations might
be due to specific genetic structure of tho-
se villages which are characterized by in-
creased or decreased frequencies of rare
alleles with large effects mediating sus-
ceptibility to osteoporosis, possibly due to
combined effect of genetic drift and foun-
der effect.
If we accept the conclusion that the in-
crease in inbreeding of about 2–3% (from
F=0.005 to 0.03) could be, to some extent,
responsible for the observed increase in
prevalence of osteoporosis, the central
question becomes what does it tell us
about the genetic basis of the disease. Ap-
parently, the susceptibility seems to be
controlled, at least partly, by the recessi-
ve genetic variants that are more likely to
be rare than common, as the inbreeding
effects on rare variants are more appar-
ent. In addition, if we accept that the total
number of genes in the human genome,
according to the most recent estimates, is
about 25,00081, then the increase in in-
breeding of 3% would correspond to hav-
ing about 800 random genes across the
genome identical by descent. If this unre-
combined autozygosity in only 3% of ge-
nes could lead to a notable effect in the
prevalence of osteoporosis, there are two
main mechanisms that could explain it.
Firstly, inbreeding may mainly act throu-
gh the rare variants of major effect, that
may be enriched in frequency in each vil-
lage by combined effects of founder effect
and subsequent genetic drift. Second, the
genes controlling this trait are of small
effect and very numerous, scattered ac-
ross the entire genome. The design of this
study provides some arguments against
the first explanation. Major effect genes
arise after mutations that are considered
to be very rare, as the probability of ran-
dom mutation causing small effect is
much greater. Therefore, even if such mu-
tations were present in some of the stud-
ied villages, it is extremely unlikely that
similar effects of inbreeding would be ob-
served across several villages, as our re-
sults indicated. In addition, under such
assumption the differences between in-
bred and outbred individuals would nor-
mally be much larger than it was the case
in our study. It is more plausible that the
genetic control of cortical index, bone
mass loss and susceptibility to osteoporo-
sis in humans is at least partly controlled
by a larger number of genes of small indi-
vidual effects68.
This study attempted to discuss the
genetic basis of susceptibility to osteopo-
rosis through inbreeding study in relati-
vely isolated communities. The results
provided further evidence on polygenic
basis of susceptibility for osteoporosis
with detectable effects of recessive genes.
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SRO\IVANJE I SKLONOST OSTEOPOROZI U IZOLIRANIM
OTO^NIM POPULACIJAMA HRVATSKE
S A @ E T A K
Cilj ovog istra`ivanja bio je analizirati recesivnu genetsku komponentu vrijednosti
kortikalnog indeksa druge metakarpalne kosti te procijenjenu prevalenciju osteoporoze
(OP) u 14 sela hrvatskih otoka Bra~a, Hvara i Kor~ule s razli~itom razinom sro|ivanja.
Slu~ajni uzorak uklju~io je 20–30% odraslog stanovni{tva tih sela i obuhvatio ukupno
1389 ispitanika. Prosje~an koeficijent uro|enosti (F) ispitanika svakog sela procijenjen
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je Wrightovom »path« metodom (temelji se na informacijama pohranjenima u rodoslov-
lju). Morfometrija metakarpalnih kostiju u~injena je na rendgenskim snimkama {ake i
ru~nog zgloba na obje ruke u svih ispitanika. Osteoporozu smo definirali kao vrijednos-
ti kortikalnog indeksa manju od 2 standardne devijacije temeljenu na raspodjeli vrijed-
nosti u ispitanika istog spola i dobi ispod 45 godina. Prosje~ne vrijednosti kortikalnog
indeksa i prevalencije osteoporoze u svakom selu (standardizirane s obzirom na dob is-
pitanika te ponderirane s obzirom na veli~inu uzorka) korelirane su s prosje~nim koefi-
cijentom uro|enosti sela. Koeficijent korelacije (r) izme|u F vrijednosti i CI bio je –0,28
u mu{karaca (p=0,08) i –0,42 u `ena (p=0,005), a izme|u F vrijednosti i standardizira-
nih prevalencija OP iznosio je 0,32 u mu{karaca (p<0,001) i 0,43 u `ena (p<0,001). Ovi
rezultati ukazuju na zna~ajnu »depresiju sro|ivanja« kortikalnog indeksa kao pokaza-
telja smanjenja ko{tane mase, {to upu}uje na pove}anu sklonost osteoporozi u starijoj
`ivotnoj dobi (OP) u sro|enim zajednicama hrvatskih otoka.
601
I. Rudan et al.: Inbreeding and Osteoporosis in Isolates, Coll. Antropol. 28 (2004) 2: 585–601
